To assess the role of partial splenectomy for symptomatic children with various congenital hemolytic anemias.
Objective
To assess the role of partial splenectomy for symptomatic children with various congenital hemolytic anemias.
Summary Background Data
The use of total splenectomy for symptomatic children with congenital hemolytic anemias is restricted by concern of postsplenectomy sepsis. A partial splenectomy is an alternative procedure, although its utility remains incompletely defined.
Methods
This longitudinal cohort study followed 25 symptomatic children with various congenital anemias who underwent partial splenectomy. Sixteen children had hereditary spherocytosis (HS), and nine children had other erythrocyte disorders. Outcome measures were clinical and laboratory hemolysis, splenic phagocytic and immune function, and splenic re-growth as measured by ultrasonography. Discrete parameters were compared using the Student t test.
Results
Partial splenectomy was successful in all 25 children, with minimal morbidity. Follow-up ranged from 7 months to 6 years (mean 2.3 Ϯ 1.5 years). Following surgery, children with HS had increased hemoglobin values, decreased reticulocyte and bilirubin levels, and preserved splenic function. Most children without HS had decreased symptoms of hypersplenism and splenic sequestration. Over time, variable rates of splenic regrowth were noted, although regrowth did not necessarily correlate with recurrent hemolysis.
Conclusions
In children with hereditary spherocytosis, a partial splenectomy appears to control hemolysis while retaining splenic function. In children with other congenital hemolytic anemias, a partial splenectomy appears to control symptoms of hypersplenism and splenic sequestration.
Congenital hemolytic anemias frequently lead to severe hemolysis due to splenic sequestration of abnormal erythrocytes. 1 For children with hereditary spherocytosis (HS), a total splenectomy eliminates the main source of erythrocyte destruction. For children with other hemolytic anemias, a splenectomy eliminates splenic sequestration and reduces symptoms of hypersplenism.
The use of total splenectomy in children is restricted by concern of overwhelming postsplenectomy sepsis. [2] [3] [4] [5] In children less than 5 years of age, the risk of overwhelming postsplenectomy sepsis may be increased 60-to 100-fold compared to children who have not had a splenectomy. 4 Although the risk of overwhelming postsplenectomy sepsis is reduced by use of immunizations to Streptococcus pneumoniae, Meningococcus, and Haemophilus influenzae as well as postoperative antibiotic prophylaxis, its risk is never eliminated. 5 Moreover, concerns persist of incomplete protection by pneumococcal vaccinations, antibiotic resistance, and poor compliance with antibiotic prophylaxis. 5, 6 For children with congenital hemolytic anemias, a partial splenectomy has been proposed as an alternative to total splenectomy, with the goal of removing enough spleen to gain a desired hematologic effect while preserving splenic immune function. 7-10 However, the use of partial splenectomy is limited because of technical difficulties and concerns of splenic regrowth. 7, 8, 11, 12 Recently several groups have renewed an interest in partial splenectomy. [7] [8] [9] [10] To assess the role of partial splenectomy in symptomatic children with various congenital hemolytic anemias, we have followed 25 children with various congenital hemolytic anemias who underwent partial splenectomy. We examined the effects of partial splenectomy on hemolysis, splenic phagocytic and immune function, and splenic regrowth. Our results suggest that partial splenectomy may be beneficial for a variety of congenital hemolytic anemias.
METHODS

Patients
We have followed 25 children with various congenital hemolytic anemias who underwent partial splenectomy from 1993 to 2000 (Table 1 ). The children were from either the Pediatric Hematology Programs from Duke University (n ϭ 13) or the Children's Hospital of Wisconsin (n ϭ 12). Sixteen children had HS (n ϭ 16). Three children had another congenital erythrocyte membrane or enzyme disorder, including pyruvate kinase deficiency (n ϭ 2), or congenital nonspherocytotic hemolytic anemia of unknown etiology (n ϭ 1). Six children had a congenital hemoglobinopathy, including HgbSC disease (n ϭ 2), HgbSS disease (n ϭ 2), HgbCC disease (n ϭ 1), or combined HgbS-␤-thalassemia (n ϭ 1). As the indications for surgery and expected clinical responses differ for children with HS compared to other children, we have evaluated these two groups separately. All children had signs and symptoms related to hemolysis and hypersplenism ( Table 2 ). We defined hypersplenism as symptoms of chronic abdominal pain, activity limitations, and/or early satiety.
The mean age of the children at the time of partial splenectomy was 6.6 Ϯ 3.4 years (range 1-15 years). Mean follow-up was 2.3 Ϯ 1.5 years (range 7 months to 6 years). One child with HS was lost to follow-up, and follow-up data on this child are not included in this report. The institutional review boards of both participating centers approved this review. As the use of partial splenectomy is accepted care for these conditions, we did not include any research study protocol as part of the operative consent. Data on children receiving a total splenectomy during this study period are not included in this report.
Surgical Procedure
After extensive discussions with each family regarding the potential risks and benefits of the procedure, a partial splenectomy was performed. The objective of each partial splenectomy was to resect 80% to 90% of normal estimated splenic volume. As our experience developed, we recognized that for children with very large spleens, more extensive parenchymal resection was required to attain this desired resection. All children were prepared for potential total splenectomy and received preoperative immunizations with polyvalent pneumococcal vaccine (Pneumovax), meningococcal vaccine (Meningovax), as well as confirmation of previous H. influenzae type b vaccine as part of routine immunization practice.
After exposure of the spleen via a left subcostal incision, the spleen was partially devascularized to maintain flow either from the short gastric arcades to the upper pole or from branches of the left gastroepiploic artery or the splenic artery to the lower pole ( Fig. 1A) . The ischemic portion of the spleen was allowed to demarcate. Before splenic transection, the devascularized tissue was compressed to "autotransfuse" the remaining blood back into the patient.
In most cases, we transected the splenic parenchyma using a TA stapler with 4.5-mm staples (U.S. Surgical Corporation, Norwalk, CT) (see Fig. 1B ). In some cases, we occluded the splenic vasculature with a vascular clamp to limit blood loss during parenchyma transection. Bleeding from the splenic bed was controlled with an Argon beam coagulator (Conmed Corp, Utica, NY), suture ligation of vessels, or topical hemostatic agents. In case of a narrow vascular pedicle, the splenic remnant was fixed to the posterior abdominal wall by securing the splenic remnant within the retroperitoneum. In most cases, this fixation could be accomplished quite easily, and no prosthetic mesh was required. Children received standard postoperative care, and length of postoperative stay was generally 3 to 4 days. Children were kept at activity restrictions for 6 weeks to minimize the risk of bleeding and received antibiotic prophylaxis with oral penicillin for at least 1 year postoperatively. 
Splenic Imaging
To evaluate splenic regrowth after partial splenectomy, we measured splenic volume with ultrasonography using either ATL 3000 or Ultramark 9 equipment, using broadband 7.5-MHz curved array or 10.5-MHz linear array transducers. The splenic volume was calculated using a formula for the volume of a prolate ellipsoid: 13
In 13 children, we were able to measure the splenic volume preoperatively, and postoperatively at 1 week, at 1, 3, 6, and 12 months, and at yearly intervals thereafter. In 12 children, we did not have preoperative measurements for comparison but were able to follow postoperative splenic volumes. As part of sonography, children were screened for gallstones.
Effects on Hemolysis
Clinical control of hemolysis was evaluated by serial measurement of hemoglobin levels, reticulocyte counts, and bilirubin levels. Baseline levels were measured when the child was well, and not during any acute illness or sequestration crisis. In most cases, laboratory values were measured during the first postoperative week, and at 1, 3, 6, and 12 months postoperatively, and at yearly intervals thereafter. Mean values for the study groups were compared between preoperative and postoperative levels.
Splenic Function
All patients had serial examination of peripheral blood smears by a senior hematologist. The absence of circulating Howell-Jolly bodies was interpreted as evidence of retained phagocytic function by the splenic remnant. In eight children, we measured levels of pitted red cells by interference contrast phase microscopy with Nomarski optics. 14 We recognize that the measurement of pitted red cells is limited in children with hemolytic anemias, as some of these children have pitted red cells as a result of their underlying disease. In eight children, we used nuclear medicine scintigraphy with technetium-99m-labeled sulfur colloid at intervals from 6 to 48 months after partial splenectomy. 15 In 10 children, we measured total serum IgM and IgG levels both initially and at intervals postoperatively out to 4 years of follow-up. As the spleen is the primary source of antibody production in young children, 16 the maintenance of normal immunoglobulin levels suggests at least partially retained ability for antibody synthesis. In six children, we measured specific antibody titers to 12 serotypes of S. pneumoniae using a standard laboratory ELISA assay.
Statistical Analysis
Mean laboratory values were compared between preoperative and postoperative levels. Equality of means was compared by the paired Student t test. The mean splenic volume was compared at intervals postoperatively with the baseline value for each child using the paired Student t test. A threshold of statistical significance was set at 0.05.
RESULTS
Surgical Procedure
A partial splenectomy was successfully performed in 25 children. One additional child with HgbSC disease underwent intraoperative conversion to a total splenectomy due to massive splenomegaly (Ͼ400 mL) and diminutive blood vessels to both poles, making preservation of splenic tissue technically impossible. Further data on this child are not included in this report.
The amount of spleen removed was compared in the 13 children with quantitative preoperative and postoperative splenic measurements. In these cases, the measured reduction of splenic volume closely correlated with the surgeon's operative impression of the amount of spleen tissue removed (within 5-10% of measured splenic weights). In the 12 children without preoperative ultrasonography, the surgeon's estimate of the amount of spleen removed was supported by measured splenic weights. In 20 children, 80% to 90% of the splenic tissue was resected. In two children, resection of only 60% to 70% of the spleen was possible due to aberrant short gastric vessels, which overlapped with the major splenic pedicle and restricted vascular preservation. In three children, ligation of the dominant vascular pedicle from the short gastric arcades resulted in loss of 90% to 97% of the splenic mass.
Perioperative complications were minimal. No child had perioperative bleeding requiring a blood transfusion. There were no infections or wound complications. One child had a postoperative bowel obstruction requiring adhesiolysis 1 week after partial splenectomy. Operative times ranged from 40 to 120 minutes, although the most recent five cases had substantially shorter operative times, ranging from 40 to 75 minutes. Most children were discharged within 3 to 4 days postoperatively. No child has required subsequent conversion to total splenectomy.
Splenic Regrowth Following Partial Splenectomy
There was little early regrowth of the splenic remnant following partial splenectomy. In the 13 children with preoperative and postoperative measurements of splenic volume, the mean size of the splenic remnant remained between 15% and 30% of baseline volume throughout the first 2 years of follow-up, significantly below the preoperative size (P Ͻ .05 by paired Student t test, Fig. 2 ). By 4 years of follow-up, the splenic regrowth was more pronounced, averaging 40% of original splenic size, although the rate of splenic regrowth is quite variable among children. Interest-ingly, for two children in whom 95% to 97% of the spleen was removed, there has been regrowth of the splenic to 5% to 20% of baseline splenic volume within 2 years after surgery.
In particular, four children with HS have regrown their spleens to 75% to 100% of their original size. However, regrowth of the spleen was not associated necessarily with recurrent hemolysis. For example, in patient HS1, the spleen regrew to 80% of its baseline size within 2 years postoperatively, although there has been no recurrent hemolysis or anemia out to 2 years of follow-up. Similarly, in patient HS6, the splenic remnant grew to 95% of baseline size within 4 years postoperatively, although there has not been any recurrent hemolysis. In contrast, in patients HS11 and HS15, the spleen regrew to 75% to 100% of estimated original size within 4 to 6 years postoperatively. Patient HS11 had a transient aplastic crisis 4 years postoperatively. Patient HS15 had mild jaundice, abdominal pain, and an elevated reticulocyte count at 6 years postoperatively. These findings suggest that hemolysis may persist in some children with excessive splenic regrowth, although the clinical importance of these findings is unclear.
Effect on Anemia and Hemolysis
In the children with HS, there appears to be sustained control of hemolysis after partial splenectomy. Mean hemoglobin concentrations increased by at least 2 g/dL compared to baseline values, and this difference has persisted throughout 4 to 6 years of follow-up ( Fig. 3 , P Ͻ .05 by Student paired t test). Mean reticulocyte counts decreased following partial splenectomy, from 12.7 Ϯ 4.2% preoperatively to 4.9 Ϯ 2.9% at the most recent postoperative follow-up (P Ͻ .05 by paired Student t test). Mean serum bilirubin levels also decreased after partial splenectomy for these children, from a level of 2.6 Ϯ 1.1 mg/dL preoperatively to 1.3 Ϯ 0.7 mg/dL at the most recent postoperative follow-up (P Ͻ .05 by paired Student t test). Finally, there was a reduction in signs and symptoms of hemolysis and hypersplenism (see Table 2 ).
For children without HS, a partial splenectomy did not significantly affect hemoglobin levels (see Fig. 3 ). Similarly, there was no effect on reticulocyte counts or bilirubin levels. Importantly, however, these children had reduced symptoms of hypersplenism as well as control of splenic sequestration (see Table 2 ). For the two children with pyruvate kinase deficiency, a partial splenectomy increased their hemoglobin levels over 1.5 to 2 g/dL. In fact, one child with pyruvate kinase deficiency who required multiple transfusions for anemia before the partial splenectomy has begun a serial phlebotomy program to reduce her iron overload (due to this phlebotomy program, follow-up data on this child's hemoglobin levels or reticulocyte count are not included in this analysis).
Two children had complications of cholelithiasis. In one child with HS, an episode of cholecystitis before partial splenectomy led to a concurrent cholecystectomy with the partial splenectomy. Another child with HS required a cholecystectomy 1 year after partial splenectomy for symptomatic cholelithiasis. In this child, no gallstones were noted by ultrasound before the partial splenectomy, which raises the possibility of continued hemolysis. We found a relatively low incidence of gallstones in this study, which raises the possibility that we may have intervened with splenectomy early in the onset of hemolysis.
Splenic Function
Splenic phagocytic function appears to be preserved in children with HS following partial splenectomy. In the first month postoperatively, most children with HS had circulating Howell-Jolly bodies. However, this finding was transient, and 13 of 14 children had no Howell-Jolly bodies during any future examination. Five children with HS were Partial Splenectomy for Hemolytic Anemias tested postoperatively for pitted red cells; three had normal levels (Ͻ2%) and two had mildly elevated levels (3-6%). Three children with HS had technetium 99m-sulfur colloid scans postoperatively, including one child who had elevated postoperative levels of pitted red cells. All three of these children had normal radionuclide uptake, and the size of the radionuclide image approximated the spleen size as determined by ultrasonography.
Children without HS had less preservation of splenic phagocytic function after partial splenectomy, especially those with sickle hemoglobinopathies. One child with HgbS-␤-thalassemia had elevated pitted red cell levels as well as no radionuclide uptake after surgery, although this child had increased pitted red cell levels before surgery. One child with HgbSS disease had increased pitted red blood cells and evidence of Howell-Jolly bodies after surgery, and this child had low radionuclide uptake of the splenic remnant. Another child with HgbSS had no radionuclide uptake in the splenic remnant. However, one child with pyruvate kinase deficiency had a normal radionuclide scan after surgery.
All seven children tested at intervals out to 3 years have retained normal serum levels of IgG and IgM. Six other children were tested out to 3 years after surgery for specific antibody titers to S. pneumoniae. Five of these six children have retained normal antibody titers to S. pneumoniae, and one child with HgbS-␤-thalassemia had low antibody titers to several serotypes. No child has developed a severe postoperative infection or sepsis.
DISCUSSION
Partial splenectomy in children with congenital hemolytic anemia can be performed with minimal operative risks and generally results in a desired hematologic effect. For children with HS, we observed a persistent reduction in hemo-lysis and sustained splenic function. For children with pyruvate kinase deficiency, a partial splenectomy similarly reduced hemolysis and preserved splenic function. In children with sickle hemoglobinopathies, a partial splenectomy controlled symptoms of hypersplenism and splenic sequestration, although splenic function was less well preserved.
Classic indications for splenectomy in children with HS include repeated transfusions or anemic crises. 1 However, many children have less severe symptoms of hemolysis, including fatigue, cholelithiasis, and growth failure. Similarly, many children have symptoms of hypersplenism, including pain, early satiety, or activity limitations. 1, 8 For children with milder symptoms of hemolysis or hypersplenism, an open total splenectomy has been difficult to justify, and a partial splenectomy may offer some benefit. Recent innovations for total splenectomy in children include the use of laparoscopy, which may decrease operative morbidity compared to an open approach. 17 At this time, we do not perform partial splenectomy by laparoscopic techniques, although further refinements may allow this approach.
For partial splenectomy, our goal of removing 80% to 90% of splenic tissue is designed to gain the desired hematologic effect while preserving enough tissue for phagocytic and immune function. Animal models suggest that 25% of splenic mass will preserve the splenic phagocytic response to a challenge of S. pneumoniae. 18 -20 Although our analysis was limited, it appears that at least partial splenic phagocytic function is maintained for children with HS after partial splenectomy, as normal immunoglobulin levels and specific responses to pneumococcal antigen appear to be preserved. Previous reports have found decreased immunoglobulin levels and impaired pneumococcal antibody responses in children undergoing total splenectomy for a variety of hematologic disorders. 21, 22 Although the spleen is the principal site of immunoglobulin production, the signif- icance of preserved antibody levels following partial splenectomy is unclear given the multiple sites of antibody production.
The risk of overwhelming postsplenectomy sepsis after partial splenectomy is impossible to estimate. We follow common practice guidelines that advocate immunoprophylaxis against pneumococcus, meningococcus, and H. influenzae as well as antibiotic prophylaxis for the child undergoing total splenectomy, although the efficacy of these measures has not been proven. 5 Given the low rate of overwhelming postsplenectomy sepsis with proper use of immunizations and antibiotic prophylaxis, any risk reduction for partial splenectomy compared to total splenectomy would require a prohibitively large clinical trial.
The role for partial splenectomy in children with other congenital hemolytic anemias is quite different than in children with HS. In sickle hemoglobinopathies, a partial splenectomy appears to control symptoms of hypersplenism and splenic sequestration but does not always preserve splenic function. We suspect that children with sickle hemoglobinopathies often progress to autoinfarct the splenic remnant following partial splenectomy, consistent with the high rate of functional asplenia in these conditions. 23 The splenic remnants in these children in our study generally appear to become nonfunctional over time. However, the preservation of splenic function after partial splenectomy, even for a limited period, may be beneficial for young children. In contrast to sickle hemoglobinopathies, it appears that hemolysis from pyruvate kinase deficiency is readily controlled by partial splenectomy. Our two children with pyruvate kinase deficiency showed both reduced hemolysis and retained splenic function following partial splenectomy, in contrast to the experience of Sandoval et al. 24 Our study complements the report of Bader-Meunier et al., who summarized their experience in Europe with partial splenectomy for children with HS. 10 In both their and our experience, there appears to be a variable rate of splenic regrowth following partial splenectomy, although importantly this regrowth does not necessarily correlate with recurrent hemolysis. 8, 10 The reasons for the discrepancy between splenic regrowth and hematologic status are unclear, although it may be due to altered blood flow or parenchymal remodeling after partial resection.
We found that the hematologic improvement after subtotal splenectomy, particularly for children with HS, approaches the hematologic responses observed after total splenectomy. [25] [26] [27] For example, children with HS undergoing total splenectomy generally achieve an increase in hemoglobin of 1.5 to 3.0 g/dL, [25] [26] [27] slightly higher than the response seen in our patients. Similarly, persistent hemolysis following partial splenectomy is reflected in the response of reticulocyte count and bilirubin, as they are not of the degree seen following a total splenectomy, in which the reticulocyte count is generally below 3% and the bilirubin levels are less than 1.0 mg/dL. [25] [26] [27] The hematologic responses following a partial splenectomy appear to be sus-tained over a prolonged period and in most cases do not lead to significant recurrent symptoms.
In the European experience, which has limited follow-up out to 14 years, a small number of children undergoing partial splenectomy have required later conversion to total splenectomy. 8, 10 No child in our experience has required conversion to total splenectomy to date, although there appears to be a trend toward splenic regrowth at 4 to 6 years of follow-up. We closely follow these children to identify symptoms that would warrant secondary conversion to a total splenectomy. Although there are no clear indications for secondary conversion to a total splenectomy following a partial splenectomy, we suggest that general clinical guidelines practiced for consideration of total splenectomy in these conditions, such as multiple transfusion requirements, severe anemia, jaundice, and fatigue, be used to guide consideration for secondary conversion to total splenectomy. Longer follow-up will define the need for later surgical procedures. In any case, we believe that the potential benefits of retaining functional splenic tissue in a young child, even if only for a few years, outweigh the risks of a possible secondary surgical procedure.
In summary, for symptomatic children with various congenital hemolytic anemias, a partial splenectomy can be performed with minimal morbidity and generally results in a desired hematologic effect. For children with HS and pyruvate kinase deficiency, a partial splenectomy reduces the rate of hemolysis and preserves splenic function. For children with other hemoglobinopathies, a partial splenectomy reduces symptoms of hypersplenism and splenic sequestration, although splenic function is less well preserved than for children with spherocytosis. We recognize that a partial splenectomy is a technically challenging operation, and its role compared to a total splenectomy for the treatment of young children with various hemolytic congenital anemias continues to be defined. We suggest that a prospective, long-term analysis of this approach will help determine its proper role in the care of these children.
